Molecular compounds of HgCl2 with organic donor molecules (dioxane, 1,3,5-trioxane, 1,3,5-trithiane, tetrahydrothiophene, 1,4-cyclohexandione, collidine, benzaldehyde, orthochlorobenzaldehyde, metachlorobenzaldehyde, parachlorobenzaldehyde) and the double salts K2HgCU • H2O and Rb2HgCl4 • H2O were studied by 35 C1 NQR spectroscopy in the temperature range 77 K ^ T < 300 K. The results are discussed with respect to the coordination around the Hg atom within the complex. The molecular compound, except those with sulfur-containing donors, seem to adapt an approximately octahedral coordination at the Hg atom. According to the 35 C1 NQR results, HgCl2 may form dimers and trimers with orthochlorobenzaldehyde and parachlorobenzaldehyde, respectively. Isotypy of K 2 HgCl4 • H2O and Rb 2 HgCl4 • H 2 0 is in accordance with the NQR experiments.
Introduction
For a number of HgCl2 addition compounds X-ray structure analysis is available. The crystal structure determinations show that in cases where the ligand to the mercury chloride contains oxygen donor atoms, two different coordinations are observed of the mercury atom within the adduct. In some examples a distorted tetrahedral coordination is found, e.g. in adducts of HgCl2 with triphenylarsine oxide or with triphenylphosphine oxide [1] [2] [3] . In other cases the coordination is a distorted octahedral one, such as in molecular compounds of mercury chloride with dioxane, naphthodioxane, and coumarin [4] [5] [6] . The complex of HgCl2 with 1,4-cyclohexandione shows an incomplete octahedral coordination since only 4 out of the 6 octahedral positions are occupied 7 .
Molecular compounds of mercury halides with sulfur containing donor molecules are not easily grouped into these two different categories. For example, in the molecular compound of HgCl2 with 1,3,5-trithiane a tetrahedral arrangement around the mercury atom is observed 8 , whereas the crystal structures of the complexes of HgCb with tetrahydrothiophene and diethylthioether 9 -10 show a configuration of the ligands around the mercury Request for reprints should be sent to Prof. ALARICH WEISS, Physikalische Chemie III, T. H. Darmstadt, Petersenstraße 15, which is somewhere between a tetrahedral coordination and an octahedral coordination, respectively. BRÄNDEN even suggests these last two examples as substitution products since one of the two chlorine atoms in HgCl2 is replaced by the sulfur atom of the donor in these compounds and the chlorine is found within the crystal as a separate atom, a chloride ion probably.
The interpretation of these X-ray structure determinations in terms of chemical bonds is not direct and, therefore, it seemed to be of interest to us to investigate some molecular complexes of HgCl2 with donor molecules containing oxygen or sulfur by nuclear quadrupole resonance spectroscopy (NQR). The method can be applied with success to study the mercury-chlorine bond in weak complexes of mercury chloride as has been shown some time ago 11 . Small changes in the charge distribution around the halogen nucleus arise due to the formation of molecular compounds of mercury halide with donor molecules. Thereby a change in the electric field gradient (EFG) at the site of the halogen nucleus is caused. In this work, the 35 C1 nucleus was observed because the NQR probe changes in the EFG are measurable with high accuracy and good sensitivity with this method. Besides the molecular compounds with HgCh, many other systems of addition compounds were investigated by NQR in recent time 12 . During the last ten years, a large number of molecular compounds of mercury halides with donor molecules (particularly with organic Lewis bases) was investigated by halogen NQR [13] [14] [15] [16] [17] [18] [19] . The results of NQR studies of pure mercury halides may be found in the compilations of BIRYUKOV 20 and SEMIN 21 . NQR studies of compounds with of chloromercurate anions 22 and of different alkyl and aryl mercury halides are published 2 3-3o \\re report here on the 35 C1 NQR frequencies observed for 13 molecular complexes of HgCl2 with organic molecules containing oxygen or sulfur. Most of the molecular complexes were studied by NQR as a function of temperature between 77 K and room temperature.
Experimental

A. NQR spectroscopy
The NQR results shown in Table I were recorded with a Dean-type spectrometer (Decca Radar Ltd.). All spectra were registered with Zeeman modulation and side band suppression. Using frequency counting equipment, the resonance frequencies were determined with an accuracy of ±0.005 MHz. The temperature dependence of the NQR frequencies in all compounds investigated here 37 . The temperature was measured using a copper-constantan thermocouple, and the accuracy in the temperature scale was ± 0.6°. The error in the temperature measurements is comparable with that in the determination of the resonance frequencies. Neither of the errors is of importance in the discussion of the changes of chemical bond by formation of molecular compounds on the basis of the NQR data.
B. Preparation of the samples
For the preparation of the molecular compounds of HgCl2 with organic donor molecules, the organic substances 1.4-dioxane, benzaldehyde, orthochlorobenzaldehyde, and metachlorobenzaldehyde were purified by fractional destination. Parachlorobenzaldehyde was recrystallized from 50% ethanol. The other chemicals used, HgCl2, KCl, RbCl, 1,4-cyclohexanedione, 1,3,5-trithiane, 1,3,5-trioxane, collidine, and tetrahydrothiophene, were used without further purification.
HgCh • dioxane
0.05 mol HgCl2 were dissolved in 200 ml H20 at room temperature. To the solution 0.05 mol dioxane were added while the solution was stirred. During the addition of dioxane the 1:1 adduct HgCl2 • dioxane precipitated. After two hours of stirring, the precipitated substance was filtered and washed with distilled H20. The 1:1 adduct is much more stable than the 1:2 complex and loses dioxane on air at a much slower rate than the 1:2 adduct. The molecular compound was dried over KOH under vacuum for about 12 hours. An analysis of Hg according to RAUSCHER 31 gave the following results: Calculated 75.5% HgCl2; found: 76.0% HgCl2.
HgCh • 2 (dioxane)
5 g of HgCl2 were dissolved in 40 ml of boiling 1,4-dioxane. During the cooling process, the 1:2 adduct crystallizes. Since the molecular compound is unstable and loses dioxane on air, the compound was immediately filled into ampoules and sealed off.
HgCh • 1,3,5-trioxane
0.05 mol HgCl2 and 0.05 mol trioxane were dissolved in about 60 ml ethanol upon warming of the solution. During the cooling, the molecular compound precipitated. The filtered precipitate was dried over P2Oö. The analysis of Hg gave the following results : Calculated: 75.1 % HgCl2; found: 75.9% HgCl2. 8 0.022 mol HgCl2 and 0.022 mol trithiane were dissolved in about 2 liters of boiling acetone. During the cooling and slow evaporation of acetone, the 1:1 adduct HgCl2 • 1,3,5-trithiane crystallizes in the form of white needles; melting point: 187 °C (Lit. m.p. = 189-189.5 °C 32 ). 33 0.05 mol HgCl2 were dissolved in about 250 ml ethanol at room temperature. While stirring the solution, 0.05 mol of tetrahydrothiophene were slowly added. During the addition of THT the adduct precipitated. The compound was recrystallized from 300 ml of a mixture of acetone and ethanol (ratio 2:1) and dried over P2Os in a desiccator, m.p.(found) = 130 °C; m.p.(nt.) = 127-128 °C. The analysis of Hg gave the result: Calculated: 75.5% HgCl2; found: 75.7% HgCl2.
HgCh • 1,3,5-trithiane
HgCh • tetrahydrothiophene
HgCh • 1,4-cyclohexanedione 7
0.022 mol HgCl2 (6.0 g) and 0.022 mol of ketone (2.48 g) were dissolved in 90 ml of 96% ethanol. After slow evaporation of the alcohol, the molecular compound crystallized from the solution. Mercury analysis: Calculated: 70.8% HgCl2; found: 70.6% HgCl2. 34 0.022 mol HgCl2 were dissolved in about 300 ml ethanol and 0.022 mol collidine were added slowly to the warm solution. Some of the molecular compound precipitated instantaneously. The solution was heated to the boiling point and quickly separated from the undissolved substance; colorless bright crystals in the form of leaflets were obtained during the slow cooling of the solution. The melting point is 167 °C (Lit. 165 °C 35 ).
HgCh • collidine
HgCh • benzaldehyde
0.036 mol HgCl2 and 0.018 mol aldehyde were dissolved in about 120 ml of 50% ethanol upon warming the solution to the boiling point. If the hot solution was opaque, 96% ethanol was added until it was clear. By slow cooling, crystals of the molecular compound HgCl2 • benzaldehyde formed. The precipitate was dried over CaCl2 in a desiccator. Evacuation of the desiccator led to a partial decomposition of the compound. Mercury analvsis: Calculated: 71.9% HgCl2; found: 70.8% HgCl2.
HgCh • o-chlorobenzaldehyde
This molecular compound was synthesized in analogy to the compound mercury chloride benzaldehyde. The mercury analysis gave 65.7% HgCl2, whereas 65.9% HgCl2 had been calculated for the compound.
HgCh • 2 (m-chlorobenzaldehyde)
The preparation was done as described for HgCl2 • benzaldehyde. Chemical analysis (Hg): Calculated: 49.2% HgCl2; found: 49.4% HgCl2.
3HgCh • 2 (p-chlorobenzaldehyde)
Preparation as described for HgCl2 • benzaldehyde. Analysis (Hg): Calculated: 74.3% HgCl2; found: 73.9% HgCl2.
K2HgCU • H20; Rb2HgCh • H20
The two complex compounds were prepared as described in the literature 36 .
Discussion
Molecular compounds with known crystal structure
The NQR frequencies of the compounds investigated here are listed in Table I . For six out of thirteen compounds described, the crystal structure is known. These six complexes are the molecular compounds of HgCl2 with: dioxane, 1,3,5-trithiane, tetrahydrothiophene, 1,4-cyclohexanedione, and collidine, and the inorganic complex K2HgCLi All compounds, except the adduct of HgCl2 • collidine, show the number of NQR lines expected from the known crystal structure. According to these structures, the two chlorine atoms connected to the mercury in HgCl2 • adduct are crystallographically, and therefore also chemically, equivalent in the compounds of mercury chloride with dioxane (in HgCl2 • dioxane and in HgCl2 • 2 (dioxane)) with trithiane, with cvclohexanedione, and also in K2HgCl4 • H20.
For HgCl2 • CJHSS, BRÄNDEN 9 has shown that one of the chlorine atoms of HgCl2 in this compound is substituted by tetrahydrothiophene and is found in the crystal as a chloride ion. The NQR spectrum of 35 C1 indeed shows in the frequency range of 7 MHz 5^23.9 MHz only one signal which is due to the chlorine atom bound to the mercury atom. The frequency of the chloride ion which is within the lattice separated from the mercury atom is expected to be much lower than 10 MHz, since the EFG of an ion with spherical symmetric distribution of the core electrons ideally is zero.
The strong shift of the NQR frequency of 35 C1 in HgCl2 • trithiane with respect to the mean value of the 3^C 1 in HgCl2 (A v = 7.85 MHz at 77 K) together with the substitution of one of the chlorines on the molecule HgCl2 by C4H8S shows that the sulfur containing organic molecules are stronger donors towards Hg than the respective oxygen containing compounds.
There are several difficulties in determining the 35 C1 NQR of the molecular compound HgCl2 • collidine. According to the structure proposal of KULPE 34 , two 35 C1 NQR frequencies should be observed. At 77 K, a frequency range of 22.8 MHz ^ j' Sä 13.0 MHz was searched, but only one resonance line was found. In investigating this compound by NQR, a very peculiar effect was observed which cannot be explained up to now. Warming up the probe from 77 K to room temperature and thereafter cooling it down again to 77 K, a remeasurement of the 35 C1 NQR did not show the same resonance frequency but another one. Three such cycles have been done and three times a different NQR frequency was found. An error in the frequency measurement can be excluded with high certainty. No signal was found at room temperature. This substance has to be re-investigated.
Mostly rather small temperature coefficients, di>( 35 Cl)/dT are observed in HgCl2 • ligand. In Figs. 1-4 , the temperature dependencies of the 35 C1 NQR frequencies are shown for molecular compounds of mercury chloride with dioxane, trioxane, 1,4-cyclohexanedione, tetrahydrothiophene, and 1,3,5-trithiane, respectively. The largest temperature coefficient in this series of compounds is found for HgCl2 • C4H8S (Fig. 2) with dv/dT = -3.74 kHz • K -1 . As can be seen from Figs. 1-4 , two of the molecular compounds, the one with one mol dioxane and the other with trithiane, show anomalous positive temperature coefficients.
Molecular compounds with unknown crystal structure
From the NQR frequency of 35 C1 and its temperature dependence and from the finding of only 12 .
one NQR frequency, we conclude that the coordination at the HgCk part of the molecule within the molecular compound HgCl2 • trioxane is similar to the coordination in HgCl2 • dioxane. The high vapor pressure of trioxane of the adduct HgCl2 • trioxane suggests that the interaction between the molecule HgC^ and the donor molecule is a weak one and therefore it is assumed that the mercury atom is octahedrally coordinated. A high vapor pressure of the donor molecule above the molecular adduct is also found for the compounds Table I shows, for these compounds only relatively small frequency shifts of the 35 C1 N QR frequency are found compared with the pure HgCl2. Some exceptions are seen in Table I In this connection, the temperature dependence of 35 C1 NQR frequencies of the compound HgCk • orthochlorobenzaldehyde is of interest. As can be seen in Fig. 6 , a phase transformation is found in the temperature range 150K^T^180K. Whereas the temperature coefficient of the 35 C1 NQR of the terminal chlorine atom in the high temperature transition is observed, vi and are arranged to Clatoms attached to the mercury atom, whereas v3 belongs to the Cl-atom in the ortho-position of the aromatic system.
phase is dv/dT = -0.26 kHz • K 1 (180 K ^T < 300 K), the temperature dependence for the bridging chlorine atom is anomalous, dv/dT --f-0.40 kHz • K 1 (180 K^T ^300 K). A smaller temperature coefficient for the bridging atoms in comparison with the terminal atoms is also found for the bromine NQR in Al2Br6 40 . This can be explained by assuming a lowering by one of the number of vibrational motions for the bridging atoms compared with the terminal atoms, whereby the NQR frequencies become less temperature-dependent 41 . This argument may be applied also to the molecular compounds of HgCl2 with organic donor molecules. The temperature dependence of the 35 C1 NQR in these compounds is very small even for the terminal atoms. Therefore, it is understandable that for the bridging atoms it is even smaller and according to the equation 42 / dv \ I dv \ a ( dv \ \dT~lv = WF/v _ 7 \~dP/T it follows that where a is the thermal expansion coefficient and % is the compressibility. In the case of the molecular compound HgCl2-orthochlorobenzaldehyde, the term (dv/dV)T would therefore be negative.
For the molecular compound 3 HgCl2 • 2 (pchlorobenzaldehyde), the finding of three NQR frequencies in the range 19 MHz ^v ^22 MHz can also be explained by assuming the presence of bridging chlorine atoms. A possible structure is shown in Fig. 5 b. Assuming that the mercury atom in the center of the molecule is a center of inversion in the solid, one should find that the chlorine atoms Cl(l) and Cl(6), Cl(2) and Cl(5), and Cl(3) and Cl(4), respectively, are chemically and crystallographically equivalent. Also the two donor molecules in the molecular compound should be crystallographically equivalent since only one 35 C1 NQR line was found in the 35 MHz range for the chlorine atom substituted in the paraposition at the benzene ring.
The highest resonance frequency observed is assigned to the two terminal chlorine atoms Cl(l) and Cl(6) (see Fig. 5b ). To explain the two lower 35 C1 NQR frequencies (19. 265 MHz and 20.505 MHz, respectively, at room temperature, see Fig. 7 ), the trans-effect on NQR frequencies found by SMITH and FRYER 43 is taken into account. In comparing planar eis-and Jraws-compounds of the type L2MCI2 (M = Pt, L=pyridine, tributylphosphine, etc.) they recognized quite a strong shift of the 35 C1 NQR frequencies in the cas-compounds relative to the corresponding frans-compounds. The shift is in the order of 1 to 3 MHz. The explanation given is the higher polarizability of the ligands L compared to chlorine, which in turn polarize the metal atoms in such a way that the frans-chlorine will become more ionic. Applying this effect to the structure proposed in Fig. 5b , for the molecular compound 3 HgCla • 2(p-chlorobenzaldehyde), the chlorines Cl (3) and Cl(4) should show the lowest NQR frequency in this compound, whereas the NQR for Cl (2) and Cl (5) should be found somewhere between i>( 35 Cl(l,6)) and v(5*01 (3,4) ).
The trans-effect will be observed in its full strength only in complexes with planar configuration. The relatively small frequency shifts in the compound HgCla • (o-chlorobenzaldehyde) and in 3 HgCl2 • 2 (pchlorobenzaldehyde) point toward a distorted octahedral coordination around a mercury atom with preservation of the almost linear units Cl-Hg-Cl.
Such an octahedral coordination around the mercury atom may be created by the interaction of several planar complexes (such as shown in Fig. 5 ) to form a "layer" lattice.
The temperature dependence of the two upper lines in the NQR spectrum show a negative temperature coefficient for the compound 3 HgCla • 2 (pchlorobenzaldehyde), whereas the resonance frequency belonging to the chlorine atoms Cl(3) and Cl(4), the atoms which are in ^cms-position with respect to the chlorobenzaldehyde molecule, shows a minimum in the function v = f (T) (see Fig. 7 ).
The temperature dependence of the chlorine NQR frequencies for the Cl atom attached to the benzene ring is not drastically changed by the formation of 300 T K Fig. 8 . Temperature dependence of the 35 C1 NQR frequencies in para-chlorobenzaldehyde (i'i, v2) and in 3 HgCl2 • 2 para-chlorobenzaldehyde (»>4), respectively. V4 is assigned to the Cl-atom bound to the aromatic molecule.
• : Ref. 38 .
the molecular compound. This can be seen in Fig. 8 , where the temperature dependence of 35 C1 NQR frequencies of the ring chlorine atoms is shown for the compounds 3 HgCk • 2 (parachlorobenzaldehyde) and for the parachlorobenzaldehyde itself. The symmetry of the solids is manifested by the appearance of only one 35 C1 NQR line for the molecular compound and two 35 C1 NQR lines for the pure parachlorobenzaldehyde. The molecular compound of mercury chloride with metachlorobenzaldehyde is a 1:2 compound. For the Cl atom attached to the mercury atom, only one 35 C1 NQR line was found and also one line for the Cl atom bound to the benzene ring. The two Cl atoms connected to the mercury atom are, therefore, crystallographically and chemically equivalent. The temperature dependence of the NQR frequencies for this compound is shown in Fig. 9 . Fig. 9 . Temperature dependence of the 35 C1 NQR frequencies in meta-chlorobenzaldehyde and HgCk • 2 raeta-chlorobenzaldehyde. n and v2 belong to the Cl-atoms of the metachlorobenzaldehyde, whereas is assigned to the ring chlorine of the molecular compound and V4 to the Cl-atoms bound to the mercury atom of the addition compound.
It is possible to compare this molecular compound with the complex of mercury chloride with dioxane and cyclohexanedione, respectively. An assumed configuration with octahedral coordination around the mercury atom is shown schematically in Fig. 10 . Whereas the mercury atoms and the chlorine atoms of the HgCla units are within a plane, the donor molecules approach this plane from above and from below. Hereby the interaction of the oxygen of the aldehyde group with the mercury atom is assumed. The 35 C1 NQR frequency of the chlorine bound to the mercury atom has a positive temperature coefficient, whereas for the chlorine attached to the benzaldehyde ring a negative temperature dependence shows up, as is also found for the pure metachlorobenzaldehyde. As expected, only very little frequency shift is found for the 35 C1 NQR frequencies of the chlorine atoms attached to the donor molecule, i.e. to the aromatic ring system by formation of the molecular compound. This can be seen in Table I A two-line 35 C1 NQR spectrum is observed for the molecular compound HgCh • benzaldehyde. The temperature dependence given in Fig. 12 shows that one of the two Cl atoms in the asymmetric unit has a "normal" temperature coefficient of v( 35 Cl) whereas the other one shows a slightly positive dv/dT. • : Ref. 39 ; A : Ref. 22 .
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Besides the molecular compounds of HgCh with organic donors containing sulfur or oxygen, two inorganic complexes have been investigated for comparison. The complex K2HgCl4 • H2O crystallizes with an orthorhombic bipyramidal structure. According to MACGILLAVRY et al. A5 and ZVONKOVA et al. 46 , three different point positions are found for the Cl atoms in the crystal lattice of K2HgCl4 • H20. The two Cl atoms partially bonded covalently to the mercury atom are chemically and crystallographically equivalent, whereas the two remaining Cl atoms (or Cl ions) occupy each a different point position. Within the frequency range 6.9 MHz ^v ^ 22.4 MHz only one resonance frequency was found. This NQR line is due to the two partially covalently bound chlorine atoms. No NQR resonance frequency was found for the remaining chlorine ions within the frequency range investigated.
No crystal structure is known for Rb2HgCl4 • H2O. Since the 35 C1 NQR spectra and their temperature dependence for K2HgCl4 • H20 and Rb2HgCl4 • H20 are very similar (see Fig. 13 ), it is assumed that the rubidium salt is isotypic with the potassium salt. No 35 C1 NQR line was found in the rubidium salt at 77 K. A phase transition below 109 K for this compound is quite possible.
In accordance with the crystal structure determination for KaHgCU • H20 and considering the results of the 35 C1 NQR spectroscopy, the classical for-
